Chemical processes are governed by reaction rates that convert one set of chemical species into others. While these reactions are at the heart of all chemical engineering industrial processes, it is surprising that there are few laboratory experiments that introduce students to the time-domain evolution of chemical reactions. The vast majority of commercially available process dynamics and control educational equipment encountered by undergraduate chemical engineering students considers the dynamics of heat and mass transport. Students are able to study the time rate of change of temperature in a process, or the rate of flow in a process, but not the rate of reaction. This paper presents the concept and the design for an inexpensive experimental apparatus that makes the dynamic study of chemical reactions accessible to any undergraduate chemical engineer. The proposed laboratory system allows for an easy connection between the theoretical differential equations used to model such a system and the actual behavior observed experimentally. The experiment uses opacity of a liquid solution as a surrogate for chemical concentration of a reactant thereby allowing a change in concentration to be relatively easily transduced with a light source and photodetector.
Introduction
In a standard chemical engineering education, a gap exists between the differential equations governing chemical reaction dynamics learned in class and how chemical plants operate in industry. Improved student understanding of the time-domain evolution of chemical reactions can help fill this gap. Thus, there is a need for a safe and affordable experimental laboratory system and simulation tool that investigates the dynamic properties of chemical reactions, a core concept of chemical engineering.
For a hands on laboratory experience, it is difficult to find experiments that directly investigate chemical reaction rates often due to safety concerns and prohibitive costs. Many reactions that might be otherwise suitable are exothermic or produce gases which can be dangerous or require special facilities, such as a fume hood. Process control laboratory exercises often include heat transport or mass transport instead of reaction dynamics. Specifically, a common mass transport lab is maintaining the liquid level in a tank and is conducted at many universities including the University of Utah and the New York University Tandon School of Engineering 1,2 . Feedback Instruments produces process control laboratory modules for temperature control and mass flow rate control as shown in Figure 1 . These modules use heat and mass as surrogates for chemical reaction process control. In the absence of laboratory exercises that directly investigate process control of reactions, a common approach in undergraduate chemical engineering courses is to focus on textbook problems. Many undergraduate textbooks abstract away reactant and product names and instead use generic reagents [4] [5] [6] [7] [8] [9] . For example, a usual problem formulation is A B C , which means adding reactant A and reactant B to form product C with no physical explanation of what A, B, and C represent. Therefore, students often solve differential equations for how the concentration of reactant A changes with time without any connection to a realistic reaction or situation. For many students, simply solving these differential equations is inadequate for a thorough understanding.
To support student learning, simulation tools can be useful to connect theory and real experimental reactions. Many simulation tools currently exist including Matlab Simulink which is commonly used, as well as AMEsim and Modelica [10] [11] [12] . However, these more established graphical simulation toolboxes focus primarily on mechanical and electrical systems rather than chemical process systems. Alternatively, there are chemical process simulations developed specifically for educational purposes such as Reactor Lab and PISim 13, 14 . Reactor Lab, developed at the University of California, San Diego, is a free downloadable desktop app that provides the user with options to simulate different chemical reactors, such as a dynamic continuous stirred tank reactor (CSTR), steady state CSTR, or packed bed reactor 13 . A shortcoming of Reactor Lab is that most reactions do not have the option of using reagents with physical meaning. Additionally, Reactor Lab has limited options for changing parameters which can make it challenging to represent a physical situation. For instance, for the dynamic CSTR, a user enters a single value for UA, where U represents the jacket heat transfer coefficient and A represents the reactor surface area. By only allowing a user to enter a single value for UA, the exact physical size of the reactor remains unknown. Another simulation toolkit is PISim, developed at the University of Strathclyde, which aims to bridge the gap for students between pipeline and instrumentation diagrams (P&ID) and what the instrumentation and control system looks like in industry 15 . PISim allows for more complex systems to be constructed than Reactor Lab, but it also has limited physical meaning. This paper presents an experimental apparatus and modeling toolkit, which can improve the undergraduate chemical engineering student learning experience. A safe, inexpensive, and repeatable experimental system with example laboratory exercises and sample data is presented. Additionally, a complementary simulation package developed in Matlab Simulink is shown. The simulation toolkit is in a graphical drag-and-drop environment and grounded in physical meaning. Lastly, an explanation of how feedback control can apply to the experimental system and a demonstration of control applied in simulation is included. The connection between classroom theory and real physical systems is bridged by the cohesiveness of a physically meaningful simulation package, hands on experimental system, and standard industry process control application.
Hands On Laboratory Exercise
Common challenges for laboratory experiments include safety and cost. As previously mentioned, many chemical reactions are exothermic which can quickly become dangerous; additionally many other reactions require special and thus expensive facilities. Another challenge specific to chemical dynamics is reliability. For example, Michaelis-Menten kinetics experiments are often conducted at universities 16, 17 and ubiquitously taught in biochemistry and enzyme kinetics textbooks 18 . However, the rate of reactions is usually calculated from a change in concentration with time and this process of differentiating is necessarily inexact 19 .
With these challenges in mind, the crystal violet bleaching reaction was carefully selected as a suitable experiment. The reaction does not produce heat or gas, which eliminates many safety concerns. Additionally, it is low cost and requires no fume hood or specialized protective equipment. The simplicity of a first order rate law contributes to reproducible results. The reaction combines a crystal violet dye solution and a sodium hydroxide solution (NaOH). The hydroxide molecules react with the crystal violet as shown in Figure 2 Figure 3. Crystal violet reaction at 1 minute (purple color) and 9 minutes (colorless).
When the reaction begins, the crystal violet dye causes the solution mixture to be a deep purple color. However, as the reaction progresses and the crystal violet ions disappear, the solution gradually transforms from a purple solution to a clear solution as shown in Figure 3 . The visualization of how the concentration of crystal violet ions decreases is important for student interest and for easy detection by a photoresistor, rather than a more expensive and time intensive mass spectrometer. The crystal violet reaction follows a first order rate law, which means the unforced dynamic equation which governs the concentration of crystal violet is given by
where CCV is the concentration of crystal violet and k is the reaction rate given by
This is an Arrhenius equation with E, R, T, COH, and A. Here A is the pre-exponential factor, E is the activation energy, R is the gas constant, T is the temperature, and COH is the concentration of hydroxide ions. An important part the reaction rate, Equation 3, is that the rate depends on temperature. The temperature dependence provides an easily adjustable process parameter to change the system time constant. To control the temperature, the experiment is conducted on a Peltier cooler as shown in Figure 4 . The Peltier cooler is a thermoelectric device that can heat or cool the reagents. The experimental setup relies on measuring the optical transmissibility as a function of time by shining a light through the beaker with the reagents onto a photoresistor. The photoresistor is connected to a National Instruments myRIO, an embedded hardware device, which allows for simple data collection using LabVIEW. The experience using LabVIEW is a useful skill for undergraduates to obtain 21 . Since the reaction evolves on the time scale of seconds, the data acquisition device does not need to have as fast a sampling rate as a myRIO. Therefore, cheaper options like a SparkFun RedBoard Arduino or a BeagleBone Black would suffice. The custom stand for this laboratory exercise was 3D printed using High Impact Polystyrene (HIPS) filament. The beaker has no cover so that additional reactants can be added throughout the reaction, unlike a spectrophotometer. The light source hardware choice is flexible, with the simplest option likely being a laser pointer. The total cost of the experimental apparatus is less than $750, with the tabulated costs shown in Appendix A, Table 4 . For this experimental apparatus and reaction, there are two laboratory exercises which both involve collecting analog output data from the photoresistor as a function of time. The first exercise is to conduct the reaction at various temperatures and observe how the reaction rate and time constant change as a function of temperature. The second exercise is to conduct the reaction at room temperature and, as the reaction progresses, to add a discrete amount of crystal violet solution to observe the step response of the system. For both exercises, the instructor provides Standard chemical safety procedures should be followed with students wearing gloves and safety glasses. Outlines of both exercise procedures are provided in Appendix B and sample data are provided in Figure  8 and Figure 9 . These exercises provide an interactive and highly visual experience to build intuition for the effect of a temperature dependent reaction rate, as shown in Equation 3, and how a first order system responds to step inputs.
Simulation Toolkit
A system modeling toolkit created in Matlab Simulink 10 , a block diagram enviroment, contains a library of chemical process component blocks. For example, the library of blocks includes, but is not limited to, a continuous stirred tank reactor (CSTR), pipe, mass source, pump, split, and mass sink as shown in Figure 5 . 
and rate law
are included exactly as students learn in class with the parameters defined in 4 . With this toolkit, the interface students work with instead is shown in Figure 7 . Here, the geometric parameters tab is shown, which allows students to enter physically meaningful parameters such as tank diameter and height. Advantages of this simulation toolkit include physically meaningful reactants and parameter choices. Additionally, if desired, library blocks can be customized and new blocks added. For the purpose of this article, the modeling toolkit can be coupled with the crystal violet bleaching experiment previously described to supplement the theory and equations learned in class.
Comprehensive Results and Time Constant Analysis
After completing both the physical experimental laboratory exercises and developing a model in Simulink, students can compare experimental and simulation results. First, for the trials run at different temperatures, a comparison of experimental data and model results reveals good agreement as shown in Figure 8 . Additionally, the model aligns well with the experimental results for the step input response of adding more crystal violet solution at 400 and 800 seconds as displayed in Figure 9 . The clean agreement allows students to investigate different scenarios with other temperatures or initial concentrations in the modeling toolkit and have confidence in the results. (8) where A is the pre-exponential factor, E is the activation energy, R is the gas constant, T is the temperature,
OH
C is the concentration of hydroxide ions, and t is time. Since this is a standard first order system, the following holds 11 ,
where  is the time constant. For this system, students can calculate the theoretical time constant, which will agree exactly with the model (dashed lines) in Figure 8 . Then, students can estimate the time constant from the experimental data by determining the time when the experimentally measured concentration is 11 *C ( 0) *0.008 0.0029
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Process Feedback Control Opportunties
After students gain familiarity with the crystal violet reaction and how the crystal violet concentration changes with time, the opportunity arises to introduce simple process feedback control. A pedagogical approach can be applied to a crystal violet reaction in a CSTR. A CSTR scenario means there is continuous mass flow into the reactor and out of the reactor to maintain a constant volume, which is different than the batch reactor scenario in the laboratory experiment with no mass flow out. Considering a crystal violet reaction in a CSTR allows students to write transfer functions for real system, understand system type, and design proportional and proportional-integral controllers.
First, the differential equation that governs how the concentration of crystal violet changes with time given as
where CV C is the crystal violet concentration in the reactor, k is the rate constant, V is the liquid volume, 0 v is the total mass flow rate, 
where the system order is the order of the denominator (p+N) and the system type is the number of free integrators (N). For the crystal violet CSTR system, the open-loop transfer function is 1 ( ) , 1
Gs
Ts
which confirms this is a first order system. Additionally, Equation 14 identifies that this reaction is a type 0 system, which will be important when considering how system types respond to different inputs.
In general, the closed-loop block diagram form is with the closed-loop transfer function for error as 
governs the steady state error. Table 2 shows how there is a constant non-zero steady state error for type 0 systems, but for type 1 or higher systems there is zero steady state error. 
Next, students could examine how proportional (P) and proportional-integral (PI) control affect the steady state error of a reference step input signal. The closed-loop block diagrams for P and PI control are shown in Figure 10 . , has a free integrator, making it a type 1 system. Thus, with PI control, zero steady state error is expected, which means that the concentration of crystal violet should be tracked exactly in Figure 12 . Next, students can consider whether the inlet mass flow rate of crystal violet, the controller output, is reasonable as shown in Figure 13 . The direct application of these introductory feedback control concepts to a process that students have already explored through experiments and simulations aids in cementing the knowledge and building intuition for process control.
Conclusion
A hands on, safe, and reliable experimental laboratory exercise and complementary simulation toolkit are presented with suggested analysis and process feedback opportunities. The recent development of this learning setup has not allowed for student assessment yet. Therefore, the next step is to test this entire learning module with undergraduate chemical engineering students.
There are many ways to classify a "good experiment", with initial criteria specifically for controls laboratory exercises in 1981 and as recently as 2016 21, 23 . However, good aspects of laboratory exercises transcend different disciplines. This laboratory exercise pairing a visual experiment and simulation toolkit with exploration of control objectives satisfies many of the criteria outlined in Roberts' paper 21 shown in Table 3 . 21 This experiment can be improved by more closely reflecting real life problems and being more open-ended. Nevertheless, the experiment has the potential to serve as a uniquely safe, affordable, and visual experiment with a physically meaningful simulation tool to provide a cohesive learning experience about chemical reaction dynamics. Since this laboratory exercise investigates a first order chemical system, it is analogous to first order mechanical system laboratory exercises, like a DC motor velocity, or first order electrical system laboratory exercises, like an RC circuit voltage. These first order mechanical and electrical laboratory exercises are ubiquitous in undergraduate courses and this paper provides an equivalent pedagogical first order system laboratory module for chemical dynamics.
